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The 

 

Aux/IAA

 

 genes are rapidly and specifically induced by the plant hormone auxin. The proteins encoded by this gene
family are short-lived nuclear proteins that are capable of homodimerizing and heterodimerizing. Molecular, biochemi-
cal, and genetic data suggest that these proteins are involved in auxin signaling. The pleiotropic morphological pheno-
type and altered auxin responses of the semidominant 

 

axr3-1

 

 mutant of Arabidopsis result from a single amino acid
change in the conserved domain II of the Aux/IAA protein IAA17. Here, we show that the biochemical effect of this gain-
of-function mutation is to increase the half-life of the iaa17/axr3-1 protein by sevenfold. Intragenic mutations that sup-
press the 

 

iaa17/axr3-1

 

 phenotype have been described. The 

 

iaa17/axr3-1R3

 

 revertant contains a second site mutation
in domain I and the 

 

iaa17/axr3-1R2

 

 revertant contains a second site mutation in domain III. Transient expression as-
says show that the mutant forms of IAA17/AXR3 retain the ability to accumulate in the nucleus. Using the yeast two hy-
brid system, we show that the 

 

iaa17/axr3-1

 

 mutation does not affect homodimerization. However, the 

 

iaa17/axr3-1

 

revertants counteract the increased levels of iaa17/axr3-1 protein by decreasing the capacity of the mutant protein to

 

homodimerize. Interestingly, heterodimerization of the revertant forms of IAA17/AXR3 with IAA3/SHY2, another Aux/IAA
protein, and ARF1 or ARF5/MP proteins is affected only by changes in domain III. Collectively, the results provide bio-

 

chemical evidence that the revertant mutations in the 

 

IAA17/AXR3

 

 gene affect the capacity of the encoded protein to
dimerize with itself, other members of the Aux/IAA protein family, and members of the ARF protein family. By extension,
these findings may provide insight into the effects of analogous mutations in other members of the 

 

Aux/IAA

 

 gene family.

INTRODUCTION

 

The plant hormone auxin, typified by indoleacetic acid, reg-
ulates a broad range of cellular and physiological processes
in response to abiotic and biotic stimuli (Davies, 1995).
Auxin transcriptionally activates a select set of immediate
early genes that are thought to mediate processes ranging
from embryo formation to tropic responses. Data gathered
from several species have resulted in the classification of

 

three groups of auxin early response genes: the 

 

Aux/IAA

 

gene family, the 

 

GH3

 

 gene family, and the 

 

SAUR

 

 gene fam-
ily (Abel and Theologis, 1996). Of these, the protein prod-
ucts of the 

 

Aux/IAA

 

 genes are the best characterized.
Biochemical, molecular, and genetic studies suggest that
the Aux/IAA proteins play a central role in auxin signaling
and plant development.

The large family of 

 

Aux/IAA

 

 genes encode short-lived, nu-
cleus-localized proteins that contain four highly conserved
domains (I, II, III, and IV) (Abel et al., 1994, 1995; Abel and

Theologis, 1995; Kim et al., 1997). Domain III of these pro-

 

teins contains a predicted 

 

���

 

 protein fold that is found in

 

the prokaryotic transcriptional repressors Arc and MetJ (Abel
and Theologis, 1995). In the prokaryotic proteins, this do-
main is involved in dimerization and DNA binding (Raumann
et al., 1994). Although specific DNA binding by the Aux/IAA

 

proteins has not been demonstrated, domains III and IV
mediate homodimerization and heterodimerization among
members of this protein family (Kim et al., 1997).

Most members of the auxin response factor (ARF) family
of proteins also contain domains III and IV at their C termini
(Guilfoyle et al., 1998). The Aux/IAA proteins can hetero-
dimerize with the ARF proteins through interactions mediated
by these conserved domains (Kim et al., 1997; Ulmasov et
al., 1997b; Guilfoyle et al., 1998). In addition, the ARFs are
capable of binding synthetic and natural auxin responsive
promoter elements through a VP1-B3 DNA binding domain
located at their N termini (Ulmasov et al., 1997a, 1997b,
1999).

Although the Aux/IAA proteins were initially identified by
molecular and biochemical methods, three semidominant
Arabidopsis mutants, 

 

axr3

 

, 

 

axr2

 

, and 

 

shy2

 

, have been
shown to carry lesions in 

 

IAA17

 

, 

 

IAA7

 

, and 

 

IAA3

 

, respec-
tively (Rouse et al., 1998; Tian and Reed, 1999; Nagpal et
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al., 2000). The 

 

iaa17/axr3

 

, 

 

iaa7/axr2

 

, and 

 

iaa3/shy2

 

 plants
exhibit altered auxin responses and pleiotropic morphologi-
cal phenotypes. The mutations in these three genes alter
amino acids in the conserved qvVGWPPvrsyRkN motif
found in domain II of all Aux/IAA proteins. In addition, in-
tragenic mutations that suppress the mutant phenotypes to
varying degrees have been described (Rouse et al., 1998;
Tian and Reed, 1999; Nagpal et al., 2000). Of the five in-
tragenic revertant alleles of 

 

iaa17/axr3-1

 

 (Rouse et al.,
1998), three contain a second site mutation that causes a
single amino acid substitution. The 

 

iaa17/axr3-1R1

 

 revertant
leads to a P to S substitution in domain III, the 

 

iaa17/axr3-
1R2

 

 revertant causes a D to N substitution in domain III, and
the 

 

iaa17/axr3-1R3

 

 revertant leads to an L to F change in
domain I. The other two revertants affect splice sites and re-
sult in either increased spacing between domains III and IV
(

 

iaa17/axr3-1R5

 

) or deletion of half of domain IV (

 

iaa17/axr3-
1R4

 

) (Rouse et al., 1998).
The gain-of-function phenotype seen in the 

 

iaa17/axr3

 

,

 

iaa7/axr2

 

, and 

 

iaa3/shy2

 

 mutants suggests that changes in
domain II are likely to be hypermorphic because they in-
crease the stability of these proteins (Leyser et al., 1996;
Tian and Reed, 1999; Nagpal et al., 2000). Recent experi-
ments have shown that domain II of the pea PS-IAA4/5 con-
fers instability on the luciferase (LUC) reporter protein in
transient assays, providing additional evidence that domain
II may fulfill an important regulatory role in controlling the
half-lives of Aux/IAA proteins (Worley et al., 2000). Here, we
examine the in vivo effects of mutations in 

 

iaa17/axr3

 

 on
IAA17/AXR3 protein function. Using the three assays that
have been used to characterize the Aux/IAA proteins, we
show that the 

 

iaa17/axr3-1

 

 mutation has a dramatic effect
on the stability of IAA17/AXR3 but does not abolish its accu-
mulation in the nucleus or its ability to form protein–protein
interactions. In contrast, the capacity of the revertant forms
of iaa17/axr3 protein to homodimerize and heterodimerize is
dramatically affected. These experiments show that the fine
control of Aux/IAA protein levels and protein–protein inter-
actions is critical for normal plant development and proper
auxin responses.

 

RESULTS

Effect of the 

 

iaa17/axr3-1

 

 Mutation on

 

IAA17/AXR3

 

 Transcription

 

To determine the effect of the 

 

iaa17/axr3-1

 

 mutation on 

 

Aux/
IAA

 

 gene expression, RNA gel blot analysis was performed
using RNA from etiolated seedlings that had been mock
treated or treated with 20 

 

�

 

M IAA. Figure 1 shows that in
untreated seedlings the level of 

 

IAA17/AXR3

 

 mRNA is
higher than the level of 

 

IAA1

 

 mRNA. When wild-type seed-
lings are treated with auxin, the mRNA of both genes accu-

Figure 1. RNA Gel Blot Analysis of IAA17/AXR3 Expression in Wild-
Type and iaa17/axr3-1 Plants.

(A) Total RNA was isolated from 7-day-old wild-type (WT) or iaa17/
axr3-1 etiolated seedlings that had been mock treated (�) or treated
with 20 �M IAA for 2 hr (�). Twenty micrograms of glyoxalated RNA
was separated by electrophoresis, blotted onto a GeneScreen mem-
brane, and probed with gene-specific probes for IAA1 or IAA17/
AXR3. Hybridization with elongation factor 1� probe (EF1�) was
used to ensure equal loading.
(B) Relative intensity of IAA1 and IAA17/AXR3 transcript levels as
shown in (A). The IAA1 and IAA17/AXR3 mRNA levels were normal-
ized to the EF1� transcript levels after quantification using the
STORM phosphorimager system. The normalized number of counts
was calculated by dividing the number of counts present in the IAA1
or IAA17/AXR3 bands by the number of counts present in the corre-
sponding EF1� band. These values were then multiplied by 100 and
used to generate the graph.
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mulates. Because the amount of 

 

IAA1

 

 mRNA in untreated
tissue is lower than 

 

IAA17/AXR3

 

 and the amount of 

 

IAA1

 

mRNA in auxin-treated tissue is higher than 

 

IAA17/AXR3

 

,
the magnitude of the auxin response is much greater for

 

IAA1

 

 than 

 

IAA17/AXR3

 

.
In untreated 

 

iaa17/axr3-1

 

 seedlings, the mRNA levels of

 

IAA1

 

 and 

 

IAA17/AXR3

 

 are similar to untreated wild-type
seedlings. When 

 

iaa17/axr3-1

 

 seedlings are treated with
auxin, however, 

 

IAA1

 

 and 

 

IAA17/AXR3

 

 show very different
responses. The 

 

IAA1

 

 mRNA level is still inducible by auxin,
but compared with wild type, the amplitude of the response
is less (Figure 1). This attenuation of auxin-inducible expres-
sion of 

 

Aux/IAA

 

 genes has been observed in other auxin re-
sponse mutants (Abel et al., 1995). In contrast, the level of

 

IAA17/AXR3

 

 mRNA is repressed slightly by auxin treatment
of the 

 

iaa17/axr3-1

 

 seedlings (Figure 1). The differential
response of these two genes suggests that only one of mul-
tiple pathways leading to auxin-induced transcription is af-
fected by the 

 

iaa17/axr3-1

 

 mutation.

 

The 

 

iaa17/axr3-1

 

 Mutation Affects Protein Stability

 

The pleiotropic effects of the 

 

iaa17/axr3-1

 

 mutation on
auxin-regulated gene expression and plant development
(Figure 1) (Leyser et al., 1996) led us to examine the bio-
chemical nature of lesions in IAA17/AXR3. To specifically
and directly assess the level and stability of IAA17/AXR3 in
planta, anti-peptide antibodies were generated against a
unique region of the protein that lies between domains I and
II. Immunoblot analysis of recombinant (HIS)

 

6

 

-tagged IAA17/
AXR3 or iaa17/axr3-1 showed that both the wild-type and
mutant forms of the protein were detected with equal affinity
by these antibodies (data not shown). Although the antibod-
ies could detect 

 

�

 

20 ng of protein, they could not detect
IAA17/AXR3 on an immunoblot of total soluble Arabidopsis
proteins isolated from either mock-treated or IAA-treated
tissues. These results indicate that IAA17/AXR3 is a very low
abundance protein.

Because of the low level of IAA17/AXR3, in vivo labeling
of proteins followed by immunoprecipitation was used as a
more sensitive assay. The specificity and utility of the antibody
was verified by immunoprecipitation of in vitro transcribed
and translated protein. Figure 2A shows a representative re-
sult of the pulse–chase experiments. The anti-IAA17/AXR3
peptide antibody (lanes 2, 3, 5, and 6) immunoprecipitates a
protein of the same size as the in vitro transcribed and
translated IAA17/AXR3 (lane 7). The preimmune serum does
not precipitate any proteins in this size range (lanes 1 and 4).
The amount of IAA17/AXR3 remaining after a 20- or 60-min
chase period was determined using a phosphorimager. In
wild-type plants, the half-life of IAA17/AXR3 is 

 

�

 

80 min (Fig-
ure 2B). In contrast, the half-life of the mutant iaa17/axr3-1
is 

 

�

 

550 min (Figure 2B). This sevenfold increase in half-life
demonstrates directly that the mutation in domain II of
IAA17/AXR3 increases the stability of the protein.

 

The Intragenic Suppressors of 

 

iaa17/axr3-1

 

 Accumulate 
in the Nucleus

 

Because the intragenic revertants suppress the 

 

iaa17/axr3-1

 

phenotype, the second site mutations must counteract the ef-
fects of enhanced protein stability conferred by the mutation

Figure 2. Pulse–Chase Analysis of the IAA17/AXR3 Protein in Wild-
Type and iaa17/axr3-1 Plants.

(A) Intact 7-day-old etiolated seedlings were labeled with 35S-methi-
onine for 2 hr. The tissue was rinsed and either harvested (t0, lanes
1, 2, 4, and 5) or allowed to incubate in a buffer containing a 1000-
fold excess of cold methionine and cysteine for 20 min (t20, lanes 3
and 6). The tissue was frozen in liquid N2, ground, and lyophilized.
Proteins were extracted and immunoprecipitated with protein A–puri-
fied preimmune serum (PI, lanes 1 and 4) or with affinity-purified
anti-IAA17/AXR3 antibody (I, lanes 2, 3, 5, 6, and 7). The protein
sample in lane 7 was generated by a coupled in vitro transcription
and translation (TnT) reaction in the presence of 35S-methionine us-
ing the IAA17/AXR3 cDNA as template. The precipitated proteins
were separated by SDS-PAGE and detected using the STORM
phosphorimager system. The arrow indicates the position of IAA17/
AXR3. Numbers at the right denote molecular mass in kilodaltons (kD).
(B) Determination of the half-life (t1/2) of IAA17/AXR3 and iaa17/axr3-1.
In two separate experiments, the amount of radioactivity present in
the immunoprecipitated IAA17/AXR3 bands at t0 or after either a 20-
min (Nx � 20) or 60-min (Nx � 60) chase period was determined us-
ing the STORM phosphorimager system. These values were used to
calculate the half-lives of IAA17/AXR3 and iaa17/axr3-1 based on
the formula t1/2 � (0.693 	 time in minutes) 
 ln (N0 
 Nx), where N0

is the amount of protein at t0 and Nx is the amount of protein remain-
ing after a given chase time.
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in domain II. Given that the Aux/IAA proteins normally accu-
mulate in the nucleus, one mechanism for suppressing the
activity of the stabilized protein would be to prevent the col-
lection of iaa17/axr3-1 in the nucleus. To test this possibility
we used transient expression in onion epidermal cells to as-
sess the ability of wild-type and mutant IAA17/AXR3 to ac-
cumulate in the nucleus. Figure 3A shows a scheme of the

conserved domains of IAA17/AXR3; the conserved clusters
of basic amino acids that function as nuclear localization
signals (NLS) are highlighted in blue (Abel et al., 1994; Abel
and Theologis, 1995; Kim et al., 1997).

Plasmids expressing different forms of the IAA17/AXR3
fused to the C terminus of �-glucuronidase (GUS) were in-
troduced by particle bombardment followed by staining to

Figure 3. Nuclear Accumulation of Wild-Type and Mutant Forms of the IAA17/AXR3 Protein.

(A) Scheme of the proteins analyzed. The four conserved domains (I, II, III, and IV) present in the Aux/IAA protein family are shown in green. The
two NLS found in these proteins are shown in blue. The location of the prokaryotic ��� protein motif is shown in red. The positions and substi-
tutions of amino acids found in the iaa17/axr3-1 and revertant proteins are shown. The changes corresponding to the mutations were introduced
into the IAA17/AXR3 cDNA using the QuikChange method (Stratagene). Shown at the bottom are the substitutions introduced to disrupt the NLS
(�NLS) of IAA17/AXR3 and iaa17/axr3-1. The different cDNAs were fused in frame with the 3� end of the GUS cDNA.
(B) Intracellular distribution of GUS fusion proteins. Onion epidermal cells were transformed by microprojectile bombardment using gold parti-
cles coated with plasmid DNA. After recovery and staining, cells showing GUS activity were photographed using bright-field optics (GUS); the
fluorescence micrographs show the positions of the nuclei in the same cells after staining with 4�-6-diamidino-2-phenylindole (DAPI). A plasmid
expressing GUS without a functional NLS (Control) was used as a negative control, and a plasmid expressing the nucleus-localized GUS::PS-
IAA4 fusion (PS-IAA4) was used as a positive control.
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ascertain the subcellular location of the chimeric protein.
The pRTL2-GUS plasmid, which encodes a GUS protein
lacking an NLS, and the pGUS::PS-IAA4 plasmid were used
as controls (Figure 3B, panels 7 and 8) (Carrington et al.,
1991; Abel and Theologis, 1995). Both the IAA17/AXR3 and
iaa17/axr3-1 proteins accumulate in the nucleus (Figure 3B,
panels 1 and 2). The accumulation of iaa17/axr3-1 in the nu-
cleus shows that the mutation in domain II does not abolish
the subcellular localization of the mutant protein, although
more cytoplasmic staining is seen.

IAA17/AXR3 or iaa17/axr3-1 lacking a functional NLS ac-
cumulates throughout the cell (Figure 3B, panels 5 and 6). As
such, the accumulation of iaa17/axr3-1 in the nucleus is
not the result of its association with an endogenous Aux/
IAA protein containing a functional NLS. Together, these
data show that IAA17/AXR3 and iaa17/axr3-1 accumulate
in the nucleus and that this targeting is dependent on the
conserved clusters of basic amino acids found in the Aux/
IAA protein family.

To determine whether the second site mutations affect
the nuclear accumulation of iaa17/axr3-1, the IAA17/AXR3
cDNA was modified to express the substituted amino acids
found in the iaa17/axr3-1R3 and iaa17/axr3-1R2 proteins
(Figure 3A). Figure 3B (panels 3 and 4) shows that both
iaa17/axr3-1R3 and iaa17/axr3-1R2 retain the ability to col-
lect in the nucleus, demonstrating that the reverting effects
of the second site mutation are not caused by preventing
protein accumulation in the nucleus. The data shown are
representative of several experiments and numerous trans-
formed cells stained under a variety of conditions including
changes in time and temperature. The minor increase in cy-
toplasmic staining seen with the iaa17/axr3-1 and revertant
proteins (Figure 3B, panels 2, 3, and 4) may reflect a slight
decrease in targeting efficiency, but is unlikely to be suffi-
cient to explain the revertant phenotype.

Suppression of the iaa17/axr3-1 Phenotype Is Mediated 
by Altered Protein–Protein Interactions

The capacity of Aux/IAA proteins to form intermolecular
contacts raises the possibility that the revertant mutations
could counteract the increased stability of IAA17/AXR3 by
altering its capacity to interact with itself, with other Aux/IAA
proteins, or with the ARF proteins. To test these possibili-
ties, we used the yeast two-hybrid system. Figure 4A shows
a scheme of the IAA17/AXR3 cDNAs that were fused inde-
pendently to the C terminus of either the GAL4 activation
domain (AD) or the GAL4 DNA binding domain (BD). AD-
and BD-containing plasmids were transformed into the
yeast strain Y190, which harbors the �-galactosidase and
HIS3 reporter genes under the control of the GAL1 pro-
moter. The capacity of each of these BD and AD fusion
proteins to interact was determined by monitoring the
activation of the two reporter genes. In each case, the ability
of the transformed yeast to grow on synthetic medium lack-

ing histidine and supplemented with 3-aminotriazole, a
competitive inhibitor of the HIS3 gene product, correlated
well with the level of �-galactosidase activity (data not
shown). In addition, similar patterns of growth and �-galac-
tosidase activity were observed when the AD and BD were
swapped.

Similar to results obtained with IAA1 and IAA2 (Kim et al.,
1997), IAA17/AXR3 is capable of forming homodimers and
the iaa17/axr3-1 mutation does not affect this interaction
(Figure 4B, panels 1, 2, and 7). Furthermore, proteins with
substitutions in domains I and II (iaa17/axr3-1R3) or domain
I alone (iaa17/axr3mI) retain the capacity to interact with
IAA17/AXR3 (Figure 4B, panels 8 and 9). In contrast, pro-
teins that contain a mutation in domain I show differing ca-
pacities to interact with proteins that also contain a mutation
in domain II. For instance, if the mutation in domain I is
present alone (iaa17/axr3mI), the protein can interact with it-
self, IAA17/AXR3, or iaa17/axr3-1 (Figure 4B, panels 4, 9,
and 13). However, if the mutation in domain I is present as a
second site change (iaa17/axr3-1R3), the protein can no
longer interact with itself or iaa17/axr3-1 (Figure 4B, panels
3 and 12). Collectively, these results suggest that the revert-
ing mutation in domain I inhibits the homodimerization of
proteins that also contain a mutation in domain II. In con-
trast, IAA17/AXR3 proteins that contain substitutions in do-
main III alone (iaa17/axr3mIII) or domains II and III (iaa17/
axr3-1R2) are unable to interact with IAA17/AXR3, iaa17/
axr3-1, or themselves (Figure 4B, panels 5, 6, 10, 11, 14 to
18). These results support the hypothesis that domain III
forms a critical contact point for interactions between and
among Aux/IAA proteins.

Because the BD fusion proteins alone contain no reporter
gene activity (Figure 4B, panels 19 to 25), the data do not
merely reflect differences in the capacity of the fusion pro-
teins to activate transcription on their own. Similarly, the in-
set sections in Figure 4B show that each of the fusion
proteins is expressed at a similar level in yeast. These con-
trol experiments therefore indicate that the changes in re-
porter gene activation shown in Figure 4 reflect changes in
the ability of the different forms of IAA17/AXR3 to interact.

As an independent means to assess whether the mutation
in domain III disrupts protein–protein interactions, the ���

domain of IAA17/AXR3 (���17) and iaa17/axr3-1R2 (���m17)
were expressed in Escherichia coli as (HIS)6-tagged fusion
proteins. This approach has been used to show that the ���

domain contains secondary structure and can form homo-
typic and heterotypic interactions in vitro (Morgan et al.,
1999). Figure 5A shows the amino acid sequence of the
polypeptides used and highlights the position of the revert-
ing amino acid substitution between the � sheet and the �1
helix. The (HIS)6-tagged peptides were purified under dena-
turing conditions, renatured, and analyzed by SDS-PAGE.
Figure 5B shows that the renatured wild-type ���17
polypeptide is capable of forming stable multimers (lane 1).
In contrast, the ���m17 polypeptide (lane 2) is present only
as a monomer, like the control protein, RNase A (lane 4).
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Figure 4. Homodimerization of Wild-Type and Mutant Forms of IAA17/AXR3.

(A) Scheme of the constructs used. The coloring and designation of conserved elements are the same as in Figure 3A. The amino acid changes
and their positions in the mutant proteins are indicated. The different cDNAs were fused in frame at the 3� end of either the GAL4 AD or the
GAL4 BD.
(B) Analysis of IAA17/AXR3 homodimerization using the yeast two-hybrid system. Y190 cells transformed with the indicated plasmids were ana-
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Because the recombinant peptides differ in size (Figure 5A),
the two proteins were mixed to determine if an additional
complex could be detected. The failure to observe a newly
migrating complex indicates that these two polypeptides do
not interact (lane 3). Together, the yeast two-hybrid and in
vitro multimerization data indicate that the iaa17/axr3-1R2
mutation disrupts the ability of domain III to mediate pro-
tein–protein interactions.

A second set of interactions that might be affected by the
amino acid changes introduced by the revertants involves
contact between different Aux/IAA proteins. To determine if
the mutant forms of IAA17/AXR3 retain the ability to interact
with another Aux/IAA protein, we tested their interaction
with IAA3/SHY2 using the yeast two-hybrid system. Both
IAA17/AXR3 and iaa17/axr3-1 can form heterodimers with
IAA3/SHY2 (Figure 6B, panels 1 and 2). Similarly, both
iaa17/axr3-1R3 and iaa17/axr3mI are able to interact with
IAA3/SHY2 (Figure 6B, panels 3 and 4). In contrast, neither
iaa17/axr3-1R2 nor iaa17/axr3mIII is able to interact with
IAA3/SHY2 (Figure 6B, panels 5 and 6), suggesting that mu-
tations in domain III eliminate heterodimerization. The BD-
IAA3/SHY2 construct by itself does not stimulate any re-
porter gene expression (Figure 6B, panel 7), even though
the inset shows that the protein is expressed. Because each
form of IAA17/AXR3 is expressed at similar levels in yeast
(Figure 4B), the differences seen in Figure 6B reflect the abil-
ity of these proteins to interact rather than differences in
protein levels.

A third set of interactions that might be affected by the
amino acid changes present in the revertants involves the
interaction of IAA17/AXR3 with the ARF proteins. ARF1 was
originally identified as a protein that could interact with the
synthetic auxin-responsive P3 element (Ulmasov et al.,
1997a). Subsequently, the C-terminal region of ARF1 con-
taining the conserved Aux/IAA domains III and IV was shown
to mediate interaction with ARF2, IAA4, IAA12, IAA13, and
Aux/IAA proteins from soybean (Ulmasov et al., 1997a,
1997b). In control experiments in which BD-ARF1 or BD-
ARF5/MP were introduced into Y190, similar levels of BD fu-
sion protein were seen, but vast differences in the level of
reporter gene expression were detected (Figure 6C). The
BD-ARF5/MP on its own strongly activates reporter gene
expression (Figure 6C, panel 2), which prevents the use of
this construct in the yeast two-hybrid assay. In contrast, the
BD-ARF1 construct shows a much reduced capacity to in-
teract with the yeast transcriptional machinery (Figure 6C,

panel 1). Because of the reduced activity of the BD-ARF1
protein, we were able to assess the capacity of the full-
length ARF1 to homodimerize and heterodimerize. The full-
length ARF1 is able to form a homodimer (Figure 6D, panel
1) and has the capacity to heterodimerize with ARF5/MP
(Figure 6E, panel 1).

To test the interaction of the ARFs with wild-type and
mutant forms of IAA17/AXR3, we used the yeast two-hybrid

lyzed for the level of �-galactosidase activity (Miller units). The two columns of inset sections show immunoblots demonstrating the expression
of different forms of the IAA17/AXR3 protein expressed as fusions with either the GAL4 DNA BD or the GAL4 AD. The level of �-galactosidase
activity was determined using orthonitrophenyl-�-D-galactopyranoside as a substrate. The values shown are averages of triplicate assays per-
formed with at least two independent yeast colonies. Error bars represent the standard deviation. AD, plasmid with the GAL4 activation domain
alone; BD, plasmid with the GAL4 binding domain alone.

Figure 4. (continued).

Figure 5. In Vitro Dimerization of Domain III Polypeptides.

(A) The cDNAs encoding domain III of IAA17/AXR3 (���17; 62
amino acids) and iaa17/axr3-1R2 (���m17; 66 amino acids) were
amplified by polymerase chain reaction and cloned in frame with a
methionine codon and a histidine hexapeptide (HIS)6 in the pQE vec-
tor series (Qiagen). The arrow points to the single amino acid substi-
tution present in iaa17/axr3-1R2.
(B) After isopropyl-�-D-thiogalactopyranoside induction of protein
expression, bacteria were lysed and the proteins were purified under
denaturing conditions on a nickel–nitrilotriacetic acid agarose col-
umn. After renaturation, the proteins were resolved on a 16.5% Tris–
Tricine gel and stained with Coomassie Blue. Numbers at the right
denote molecular mass in kilodaltons (kD).
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Figure 6. Heterodimerization of the Wild-Type and Mutant Forms of IAA17/AXR3 with IAA3/SHY2, ARF1, or ARF5/MP.

(A) Scheme of the constructs used. The coloring and designation of conserved elements are the same as in Figure 3A. The conserved DNA BD
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system. Both IAA17/AXR3 and the iaa17/axr3-1 can form
heterodimers with either ARF1 or ARF5/MP (Figure 6D, pan-
els 2 and 3, and Figure 6E, panels 2 and 3). Similar to the in-
teractions with IAA3/SHY2, both iaa17/axr3-1R3 and iaa17/
axr3mI are able to interact with ARF1 and ARF5/MP (Figure
6D, panels 4 and 5, and Figure 6E, panels 4 and 5). In con-
trast, neither iaa17/axr3-1R2 nor iaa17/axr3mIII are able to
heterodimerize with ARF1 or ARF5/MP (Figure 6D, panels 6
and 7, and Figure 6E, panels 6 and 7). Together, these results
show that IAA17/AXR3–ARF interactions are mediated through
domain III and that the revertants alter the capacity for this in-
teraction to occur. Because the AD-ARF1 and AD-ARF5/MP
proteins are expressed at similar levels in yeast (Figures 6D
and 6E), the differences in reporter gene activity seen in Fig-
ure 6 reflect the capacity of these proteins to interact rather
than differences in protein levels.

DISCUSSION

In addition to sharing extensive amino acid similarity, the
Aux/IAA proteins have been defined by three criteria: they
are short-lived, they are localized in the nucleus, and they
have the capacity to form homodimers and heterodimers
(Abel et al., 1994; Abel and Theologis, 1995; Oeller and
Theologis, 1995; Kim et al., 1997). In this report, we have
used these characteristics as functional assays to examine
the effect of the iaa17/axr3-1 and intragenic revertant muta-
tions on IAA17/AXR3 protein function.

Pulse–chase experiments show that the half-life of iaa17/
axr3-1 is sevenfold longer than the wild-type IAA17/AXR3.
The subsequent increase in IAA17/AXR3 protein levels is
consistent with the semidominant, hypermorphic nature of
the iaa17/axr3-1 mutation (Leyser et al., 1996; Rouse et al.,
1998). Semidominant mutations in IAA3/SHY2 (shy2-2 and
shy2-3) and in IAA7/AXR2 (axr2-1) also alter invariant amino
acids in domain II (Tian and Reed, 1999; Nagpal et al.,

2000), and it has been shown that the shy2-2 gain-of-func-
tion mutation increases the steady-state level of iaa3/shy2-2
protein (Colón-Carmona et al., 2000).

Further support for the hypothesis that domain II regu-
lates the stability of Aux/IAA proteins comes from the work
of Worley et al. (2000). Using chimeric genes consisting of
the PS-IAA4/5 or IAA1 open reading frame fused to the LUC
reporter coding sequence, these authors show that the
N-terminal region of the Aux/IAA proteins can serve as a
transferable signal to decrease the half-life of LUC in trans-
genic plants or in transient assays. If LUC is fused to domain
II of PS-IAA6 containing the iaa17/axr3-1 mutation, however,
the LUC half-life is increased 50-fold. The differences in the
degree of stabilization may be due to a number of differ-
ences in experimental design, including the use of a fusion
protein, the use of protein domains, the stability of LUC
alone, and the level of LUC expression. Nevertheless, these
results suggest that domain II functions to mediate the short
half-lives of the Aux/IAA proteins. How the mutations in do-
main II alter interaction with the machinery that targets the
Aux/IAA proteins for rapid proteolysis is unknown.

The hypothesis that protein turnover may be critical for
controlling auxin-induced gene expression is supported by
several lines of direct and indirect evidence. First, early
auxin-responsive genes are induced by blocking de novo
protein synthesis with cycloheximide, suggesting the pres-
ence of a short-lived nuclear repressor(s) of auxin-inducible
gene expression (Ballas et al., 1993, 1995; Koshiba et al.,
1995). Second, the cloning of the auxin-resistant mutant
axr1 suggested that this gene product is involved in the tar-
geting of select proteins for ubiquitin-mediated degradation
(Leyser et al., 1993). Subsequent studies have shown that
AXR1 forms a heterodimer with ECR1 and that this complex
is capable of activating the ubiquitin-like RUB polypeptide
(del Pozo et al., 1998). Finally, cloning of the auxin transport
inhibitor–resistant mutant tir1 further implicated protein
turnover in auxin signaling (Ruegger et al., 1998). TIR1 is the
F-box component of an E3 ubiquitin–ligase complex known

found in the ARF proteins is shown as a red oval. The amino acid changes and their positions in the mutant protein are indicated. The different
cDNAs were fused in frame at the 3� end of either the GAL4 AD or the GAL4 DNA BD.
(B) Analysis of the ability of wild-type and mutant forms of IAA17/AXR3 to heterodimerize with IAA3/SHY2. The inset section shows an immuno-
blot demonstrating the expression of BD-IAA3/SHY2.
(C) Analysis of the ability of BD-ARF1 and BD-ARF5/MP to activate transcription in Y190 cells. The inset sections show immunoblots demon-
strating that the BD-ARF1 and BD-ARF5/MP proteins are expressed at similar levels.
(D) Analysis of the capacity of ARF1 to homodimerize and heterodimerize with the wild-type and mutant forms of IAA17/AXR3. The inset section
shows an immunoblot demonstrating the expression of AD-ARF1.
(E) Analysis of the capacity of ARF5/MP to heterodimerize with ARF1 or the wild-type and mutant forms of IAA17/AXR3. The inset shows an im-
munoblot demonstrating the expression of AD-ARF5/MP.
The level of �-galactosidase activity was determined using orthonitrophenyl-�-D-galactopyranoside as a substrate. The values shown are aver-
ages of triplicate assays performed with at least two independent yeast colonies. Error bars represent the standard deviation. AD, plasmid with
the GAL4 AD alone; BD, plasmid with the GAL4 BD alone.

Figure 6. (continued).
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as Skp1•cdc53/cullin•F-boxTIR1 (SCFTIR). In yeast and Dro-
sophila, proteins targeted for ubiquitination and subsequent
degradation are first phosphorylated before being recruited
by the SCF complexes (Maniatis, 1999). There are several
reports implicating kinase cascades in auxin-mediated re-
sponses (Kovtun et al., 1998, 2000; Christensen et al., 2000;
Mockaitis and Howell, 2000). Although several lines of
evidence have emerged concerning the function of ubiquiti-
nation in auxin response (Gray and Estelle, 2000), a number
of important questions remain to be answered: (1) Do the
protein phosphorylation and protein degradation pathways
converge on a common effector? (2) Are the activities of
these distinct pathways influenced by auxin? (3) Are the
Aux/IAA proteins targets of these pathways? (4) Are the ARF
proteins targets of these pathways?

The identification of intragenic revertants of iaa17/axr3-1
suggests that the gain-of-function effects of the original mu-
tation are negated by the biochemical properties of the re-
vertant proteins. The Aux/IAA proteins share two highly
conserved NLS elements that are necessary and sufficient
to mediate nuclear localization (Abel and Theologis, 1995).
As expected, both IAA17/AXR3 and iaa17/axr3-1 accumu-
lated in the nucleus (Figure 3). Furthermore, proteins con-
taining the amino acid substitutions that suppress the iaa17/
axr3-1 phenotype accumulated in the nucleus. These results
exclude the possibility that the iaa17/axr3-1 or revertant
phenotypes are simply the result of altering the subcellular
localization of the mutant proteins.

The Aux/IAA proteins have the capacity to form ho-
modimers and heterodimers (Kim et al., 1997). Furthermore,
the Aux/IAA proteins interact with the ARFs, which are capa-
ble of binding the auxin response element found in the pro-
moter of auxin-inducible genes (Kim et al., 1997; Ulmasov et
al., 1997a, 1999). Because there is no evidence to suggest that
different Aux/IAA proteins have discrete affinities for select
sets of Aux/IAAs or ARFs, it appears that the quantity of Aux/
IAA protein present in the cell is critical for maintaining equi-
librium. Even small changes in the level of a protein can
have dramatic effects on the cell’s state. For instance, in yeast,
a 6-fold change in the intracellular concentration of GAL4
causes a 40-fold change in the expression of GAL1, a gene
required for galactose utilization (Griggs and Johnston, 1991).

The gain-of-function phenotype of iaa17/axr3-1 plants might
be explained by a dominant negative effect. Because the sta-
bilized iaa17/axr3-1 protein retains its ability to homodimerize
and heterodimerize, other Aux/IAA or ARF proteins could be ti-
trated away from their normal partners. The disruption of this
web of finely tuned and tightly regulated interactions could
lead to the ectopic expression or repression of downstream
genes. The altered patterns of gene expression would lead in
turn to the pleiotropic phenotypes that are observed.

Mutations in domain III of IAA17/AXR3, which contains a
predicted ��� motif, eliminate the capacity of IAA17/AXR3
proteins to homodimerize or heterodimerize. Circular dichro-
ism spectroscopy of recombinant peptides corresponding
to domain III has shown that this region contains substantial

�-helical secondary structure (Morgan et al., 1999). The lo-
cation of the reverting amino acid change between the �

and �1 segments supports the notion that this protein fold is
a prerequisite for stable dimer formation.

The iaa17/axr3-1R3 mutant contains a second site
change in domain I that affects the ability of the protein to
homodimerize. This suggests that domain I may form an ad-
ditional site of contact for homodimerization. Alternatively,
the second site mutation might alter the secondary structure
of the protein in such a way that the ability of the degrada-
tion machinery to target the protein is restored and the ef-
fects on homodimerization are a secondary consequence of
this change.

In addition to auxin resistance, the iaa17/axr3-1 plants ex-
hibit altered responses to other hormones. For instance,
several of the iaa17/axr3-1 phenotypes, including ectopic
expression from the SAUR-AC1 promoter, can be rescued
by the application of exogenous cytokinin (Leyser et al.,
1996). This finding implies that the novel or misdirected in-
teractions of a stabilized IAA17/AXR3 protein can be re-
versed by cytokinin-dependent signals. Furthermore, the
iaa17/axr3-1 plants show a resistance to the ethylene pre-
cursor 1-aminocyclopropane-1-carboxylic acid, suggesting
that improper interactions of IAA17/AXR3 also can affect the
output of signaling through the well-characterized ethylene
signal transduction pathway. Whether these effects repre-
sent the convergence of signaling networks or communica-
tion between signaling components remains to be determined.

METHODS

Plant Treatments

Surface-sterilized (0.1 g) wild-type Arabidopsis thaliana seed,
ecotype Columbia, and iaa17/axr3-1 seed, ecotype Columbia, were
plated on medium containing 0.5 	 Murashige and Skoog (1962)
salts, 1% sucrose, 1 	 B5 vitamins, and 0.4% phytagel. After a
3-day stratification period at 4C in the dark, seed were grown at
25C under a 16-hr photoperiod for 7 days. The tissue was collected
and was either mock treated or treated with 20 �M indoleacetic acid
in 50 mL of 0.5 	 Murashige and Skoog (1962) salts for 2 hr in the dark
with shaking at 100 rpm. After treatment, the tissue was drained,
weighed, and frozen at �80C until processing.

RNA Gel Blot Analysis

Total RNA was extracted from the treated seedlings as described by
Carpenter and Simon (1998). Twenty micrograms of total RNA was
glyoxalated, separated on a 1% agarose gel in 10 mM NaPO4, pH
7.0, and transferred onto a GeneScreen membrane using 20 	 SSPE
(1 	 SSPE is 0.115 M NaCl, 10 mM sodium phosphate, and 1 mM
EDTA, pH 7.4). The blot was washed in 6 	 SSPE at room tempera-
ture for 5 min and then in 20 mM Tris-HCl, pH 8.0, at 65C for 5 min.
The probes were prepared by labeling the cDNA fragments by ran-
dom priming (Feinberg and Vogelstein, 1983). Hybridization was per-
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formed using Church’s buffer (250 mM NaPO4, pH 7.4, 7% SDS, and
1 mM EDTA) at 65C overnight. The blots were washed in 0.1 	

SSPE and 0.5% SDS at 65C for 1 hr and exposed to X-Omat film
(Kodak).

Antibody Production and Purification

A rabbit polyclonal antibody was raised (Genosys, The Woodlands,
TX) against an internal peptide of 12 amino acids (NNEPANKEGSTT;
amino acids 45 to 56) predicted to be highly specific to IAA17/AXR3.
The efficiency and specificity of the antibody was determined by im-
munoblot analysis of Escherichia coli–expressed wild-type and mu-
tant IAA17/AXR3 proteins. For the immunoprecipitation experiments,
preimmune antibodies were purified using protein A–Sepharose as
described by the manufacturer (Boehringer Mannheim). Anti-IAA17/
AXR3 antibodies were purified from the crude serum by (NH4)2SO4

precipitation, dialysis against 1 	 PBS (10 mM NaPO4, pH 6.8, and
130 mM NaCl), and affinity purification using a SulfoLink (Pierce,
Rockford, IL) column containing the peptide used for immunization.

Pulse–Chase Analysis

The stability of the IAA17/AXR3 protein in wild-type and iaa17/axr3-1
seedlings was assayed by pulse–chase analysis as described previ-
ously (Abel et al., 1994; Oeller and Theologis, 1995). For the labeling,
5 g of wild-type or 4 g of iaa17/axr3-1 etiolated seedlings was incu-
bated in the dark for 2 hr in 20 mL of buffer (1 mM citrate, 1 mM
Pipes, pH 6.0, 15 mM sucrose, 1 mM KCl, and 50 �g/mL chloram-
phenicol) containing 5 mCi of 35S-methionine (Trans label; ICN,
Costa Mesa, CA). The chase was performed in buffer containing a
1000-fold excess of unlabeled methionine and cysteine. The incuba-
tion medium was changed every 5 min during the chase period. The
tissue was rinsed, drained, ground in liquid N2, and lyophilized over-
night. The proteins were extracted in boiling 1 	 SDS buffer (100 mM
NaPO4, pH 7.0, 1% SDS, and 1% �-mercaptoethanol) to inactivate
endogenous proteases. After removal of the insoluble material by
ultracentrifugation at 100,000g for 20 min, the number of trichloro-
acetic acid–precipitable counts was determined. The immunoprecip-
itation was performed using an equal number of trichloroacetic acid–
precipitable counts and the protein A–purified preimmune serum or
the affinity-purified IAA17/AXR3 antibodies according to published
procedures (Oeller and Theologis, 1995). The immunoprecipitates
were eluted into boiling 1 	 SDS buffer and resolved using SDS-
PAGE. The gel was stained with Coomassie Brilliant Blue G 250,
destained, and dried. Quantification of the amount of radioactivity
present in the IAA17/AXR3 bands was performed using the STORM
phosphorimager system (Molecular Dynamics, Sunnyvale, CA).

Plasmid Construction and Mutagenesis

The IAA17/AXR3 coding region (GenBank accession number
U49073) that was isolated in a yeast two-hybrid screen (Kim et al.,
1997) was subcloned into pBluescript SK� to create pBSIAA17. The
different mutations (iaa17/axr3-1, iaa17/axr3-1R2, and iaa17/axr3-
1R3) were introduced in this cDNA using the QuikChange method
(Stratagene, La Jolla, CA). The sequence of each plasmid was veri-
fied by sequencing.

Subcellular Localization

Translational fusions between �-glucuronidase (GUS) and the differ-
ent IAA17/AXR3 cDNAs were constructed by subcloning into the
pRTL2-GUS/NIa�Bam vector after removing the NIa�Bam fragment
(Carrington et al., 1991). The plasmids were coated onto gold parti-
cles and transformed in onion epidermis by microprojectile bom-
bardment using a PDS1000He device (Bio-Rad, Hercules, CA) as
described by Shieh et al. (1993). After a 20-hr recovery period, tis-
sues were stained with 1 mM 5-bromo-4-chloro-3-indolyl-�-glucu-
ronic acid in staining buffer (100 mM KPO4, pH 7.4, 1 mM EDTA, 0.5
mM K-ferricyanide, 0.5 mM K-ferrocyanide, and 0.1% Triton X-100)
for 15 to 45 min at 37C. The reaction was stopped with 5% formal-
dehyde and 5% acetic acid, and the tissues were rinsed with ethanol
(75, 50, and 25%) and finally with water. The epidermis was mounted
on microscope slides with mounting buffer (0.1 	 PBS, 10 mM NaN3,
and 90% glycerol) containing 20 �g/mL 4�-6-diamidino-2-phenylin-
dole (DAPI), a DNA-specific dye (Shieh et al., 1993). The GUS and DAPI
staining was visualized using light and UV microscopy, respectively.

Yeast Two-Hybrid Analysis

The Saccharomyces cerevisiae strain Y190 (leu2, trp1, his3, ura3)
was used for the two-hybrid assays as described previously (Harper et
al., 1993; Kim et al., 1997). The wild-type and mutated IAA17/AXR3
cDNAs were cloned in the pGAD.GH and pGBT9.BS vectors to gen-
erate GAL4 activation domain (AD) and binding domain (BD) fusions,
respectively. The plasmids were transformed into Y190 using the
polyethylene glycol-lithium-acetate method (Gietz et al., 1995) and
plated onto the appropriate selective medium. Transformants were
grown overnight in selective medium, subcultured into YPD medium
(0.5% yeast extract, 1% peptone, and 1% dextrose), and grown until
the OD600 was 1 to 1.5 before performing �-galactosidase activity as-
says (Kim et al., 1997). To assess the activation of the HIS3 reporter
gene, 50,000 yeast cells expressing the combinations shown in Fig-
ures 4 and 6 were spotted on both synthetic complete medium and
synthetic complete medium lacking histidine and supplemented with
25 mM 3-aminotriazole. Proteins extracted from the yeast express-
ing different constructs were analyzed by immunoblotting using the
GAL4-TA (C-10) and GAL4(DBD) (RK5C1) monoclonal antibodies
that recognize the AD and BD, respectively, of GAL4 (Santa Cruz
Biotechnology, Santa Cruz, CA).

In Vitro Multimerization

Constructs expressing (HIS)6-tagged polypeptides encompassing
domain III (��� motif) of IAA17/AXR3 and iaa17/axr3-1R2 were
made. The cDNAs encoding domain III of IAA17/AXR3 (amino acids
101 to 154) and iaa17/axr3-1R2 (amino acids 101 to 158) were ampli-
fied by polymerase chain reaction and subcloned using a three-way
ligation involving the pQE7 and pQE16 vectors (Qiagen, Valencia,
CA). The constructs were transformed into the M15[pREP4] Escheri-
chia coli strain (Qiagen). The bacterial strains were grown in Luria-
Bertani medium to OD600 � 0.6 and protein expression was induced
with 1 mM isopropyl-�-D-thiogalactopyranoside for 4 hr at 30C.
Cells were collected by centrifugation, and the (HIS)6-tagged pro-
teins were purified under denaturing conditions (Qiagen) using a
1-mL column of nickel–nitrilotriacetic acid agarose binding medium.
The fractions containing the polypeptides were pooled and dialyzed
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overnight against 10 mM KPO4, pH 8.0, 100 mM KCl, and 5 mM
EDTA using a 3500 MWCO dialysis bag (Spectrum Laboratory, Ran-
cho Dominguez, CA). Polypeptides were concentrated on a
Microcon3 spin filter (Millipore, San Jose, CA), and the concentration
was determined using the Bio-Rad protein assay kit. The samples
were suspended in 1 	 SDS sample buffer, heated at 100C for 5
min, and resolved on a 16.5% Tris–Tricine gel according to Schagger
and von Jagow (1987). The gels were fixed, stained with Coomassie
Brilliant Blue G 250, and destained as described by Schagger and
von Jagow (1987).
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